Electric Field Effects on the Diffuse Scattering in PZN-8%PT 
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We report measurements of the neutron diffuse scattering from a single crystal of the relaxor 
ferroelectric PbZni /3 Nb2/3C>3 doped with 8% PbTi0 3 (PZN-8%PT) for temperatures 100 K < T < 
530 K and electric fields OkV/cm < E < lOkV/cm. The diffuse scattering is strongly suppressed 
transverse to the (003) Bragg peak at 400 K for E = 2kV/cm applied along the [001] direction. 
However, no change in the diffuse scattering is observed transverse to (300), even for field strengths 
up to lOkV/cm. Thus the application of an external electric field in the tetragonal phase does 
not produce a macroscopically polarized state. This unusual behavior can be understood within 
the context of the Hirota et al. phase-shifted polar nanoregion (PNR) model of the relaxor diffuse 
scattering, since an electric field E oriented parallel to [001] would remove the shift of the nanoregions 
along [001] while preserving those along the orthogonal [100] direction. 

PACS numbers: 61.12.-q, 77.65.-j, 77.84.Dy 
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I. INTRODUCTION 

The shape, size, density, and orientation of the po- 
lar nanoregions (PNR) that form below the Burns 
temperature T&* in the lead-oxide class of relaxors 
Pb(Zn 1/3 Nb 2 / 3 )0 3 and Pb(Mg 1/3 Nb 2 /3)0 3 doped with 
PbTi0 3 (PZN-zPT and PMN-xPT, respectively) are key 
parameters of interest to many researchers attempting to 
clarify the various mechanisms responsible for the excep- 
tional piezoelectric properties exhibited by these materi- 
als^ First identified through optical measurements of the 
index of refraction by Burns and Dacolji the presence of 
PNR have been correlated with the onset of neutron dif- 
fuse scattering in PMNf 3 - a saturation of the unit cell vol- 
ume below and the overdamping of long- wavelength 
phonon modes in PZN and PZN-8%PT£& More recently 
an important model concerning the relationship between 
the PNR and the surrounding cubic lattice was presented 
by Hirota et al. 7 Based on neutron time-of-flight mea- 
surements of the diffuse scattering in PMN at 300 K per- 
formed by Vakhrushev et al.^ Hirota et al. noticed that 
the corresponding ionic displacements could be decom- 
posed into a scalar shift (displacement) common to all 
atoms, and a pattern of shifts that satisfies a center-of- 
mass condition^ It was further shown that these center- 
of-mass shifts are consistent with neutron inelastic mea- 
surements of the soft TO phonon intensity in PMN above 
Td, thus providing compelling evidence that the polar 
nanoregions result from the condensation of a soft mode 
at the Burns temperature. 

Subsequent measurements on PZN-8%PT using neu- 
tron diffraction techniques by Ohwada et al. demon- 
strate that the zero-field cooled structure at low tem- 
perature is not rhombohedral as had been previously 
believed^ Instead, surprising evidence of a new phase, 
called phase X, was found that exhibits an average cubic 
unit cell structure. These findings motivated the high- 



energy x-ray study by Xu et al. on pure PZNjil and 
the high-resolution neutron study by Gehring et al. on 
PMN-10%PTi 2 Both of these studies revealed a low- 
temperature bulk phase that is not rhombohedral, but 
rather consistent with the phase X observed by Ohwada 
et al. in PZN-8%PT. It has been suggested that the 
phase-shifted nature of the PNR could be responsible for 
stabilizing phase X at low temperatures as the uniform 
shift of the PNR would present a natural energy barrier 
in the system against the formation of a uniform polar 
state. 

To shed more light on this idea, we have performed a 
study of the PNR in PZN-8%PT by measuring the re- 
sponse of the neutron diffuse scattering below the cubic- 
to-tetragonal phase transition temperature T c ~ 470 K 
to an external electric field E. As is well known, a classic 
ferroelectric system will break into many domains below 
T c , and the application of an electric field can produce a 
nearly uniform polar state by aligning all of the domains 
via domain wall motion. In the case of the relaxor fer- 
roelectric PZN-8%PT, however, our data show that for 
E oriented parallel to the [001] direction, only the dif- 
fuse scattering transverse to the (003) reciprocal lattice 
point decreases. The diffuse scattering transverse to the 
orthogonal (300) position is unaffected. Thus a macro- 
scopic uniformly polarized state is not achieved. The 
model of phase-shifted PNR provides a possible expla- 
nation for these findings, as an electric field along [001] 
would remove the PNR shift along [001] while preserving 
that along [100]. 



II. EXPERIMENTAL DETAILS 

The neutron scattering data presented here were ob- 
tained on the BT9 triple-axis spectrometer located at the 
NIST Center for Neutron Research. The diffuse scatter- 
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ing near the reciprocal lattice points (300) and (003) was 
measured at a fixed neutron energy E^ — Ef =14.7 meV 
(A = 2.36 A) using the (002) reflection of highly-oriented 
crystals of pyrolytic graphite (HOPG) as monochromator 
and analyzer. Horizontal beam collimations were 40'-46'- 
S-40'-80' (S = sample). 

The high-quality single crystal of PZN-8%PT used in 
this study was grown by the flux solution method^ at 
the Pennsylvania State University. It is a sister crystal 
to the one used by Ohwada et al. in an earlier study, 
some results from which are presented in this paper^fi 
The crystal weighs 1.1 gm (0.15 cm 3 ), and is a rectangular 
block with 100 faces and dimensions 7.2 x 6.9 x 3.0mm 3 . 
Gold electrodes were plated onto the two largest surfaces 
of the crystal to which thin gauge copper wires were at- 
tached using a fired-on silver conductive adhesive epoxy 
cured at 100C for 2 hours. In this geometry the field is 
always applied along a cubic [001] axis. These wires were 
twisted and soldered onto leads connected to a high volt- 
age power supply. Tests were performed both before and 
after the experiment to verify that the voltage set by the 
power supply appeared across the sample. The difference 
between the set and measured voltage drop was always 
less than 1 %. 

The crystal was mounted onto an electrically insulating 
boron nitride post using boron nitride paste to provide a 
strain-free environment for the sample. The crystal [010] 
axis was oriented vertically, giving access to reflections 
of the form (hOl). The sample holder assembly was then 
mounted inside the vacuum space of a high-temperature 
closed-cycle 3 He refrigerator, which was subsequently po- 
sitioned and fixed onto the goniometer of the BT9 spec- 
trometer. 



III. DIFFUSE SCATTERING 

The PZN-8%PT phase E-T diagram has been mapped 
out by Ohwada et al., and is shown in Fig. l>iS The data 
presented in the top panel were taken while cooling in a 
constant electric field, whereas those shown in the bottom 
panel were taken with increasing field at fixed tempera- 
ture after first cooling in zero field. The electric field acts 
to stabilize the tetragonal phase as can be seen from the 
slope of the tetragonal (T) to cubic (C) phase boundary 
in Fig. 1(a), where the transition temperature increases 
with field. The transition temperatures, represented by 
the circles in Fig. 1, were determined from measurements 
of the lattice constants (Bragg peaks) . But while this re- 
laxor compound clearly exhibits a tetragonally-distorted 
structure, the precise nature of the polar order is still 
unknown. 

Important information can be obtained about the po- 
lar order in the tetragonal phase of PZN-8%PT through 
measurements of the diffuse scattering. Fig. 2 shows neu- 
tron scattering measurements taken by Ohwada et al. 
(on a different PZN-8%PT single crystal, but grown us- 
ing the same technique) near the (003) reciprocal lattice 
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FIG. 1: The E - T phase diagram of PZN-8%PT determined 
by Ohwada et alw— The notations C, T, M, and R refer to 
cubic, tetragonal, monoclinic, and rhombohedral phases, re- 
spectively. The arrows point in the scan direction, while the 
length of the arrows correspond to the scan range. The cir- 
cles denote the transition temperatures determined from each 
scan. 



position, for which the diffuse scattering structure factor 
is known to be strong^ The intensity at Q = (0.04,0,3) 
is shown as a function of temperature at E = OkV/cm 
(solid circles) and 3kV/cm (open circles), with the field 
applied along the [001] direction. In the cubic phase at 
high temperature (T > 520 K) the diffuse scattering in- 
tensities are equal, indicating no field dependence. How- 
ever at lower temperatures, in the tetragonal phase, the 
diffuse scattering is strongly suppressed by the field while 
the zero-field diffuse scattering intensity remains strong 
and increases with cooling. For purposes of comparison, 
the integrated Bragg intensity measured at (002) in zero- 
field is shown (scale on the right-hand side of Fig. 2). The 
Bragg intensity increases sharply below 500 K, which is 
consistent with the slope of the T-C phase boundary in 
Fig. 1. 

The data in Fig. 2 were obtained at a fixed Q value 
at two different field values. Information about the ge- 
ometry of the diffuse scattering is presented in Fig. 3, 
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FIG. 2: Temperature dependence of the neutron diffuse scat- 
tering at Q — (0.04,0,3) in zero field (solid circles) and E — 
3kV/cm // [001] (open circles). The zero-field Bragg inten- 
sity measured at (002) is shown as a function of temperature 
by the solid triangles. These data were taken by Ohwada et 
al. on a different single crystal of PZN-8%PT. 



which compares the diffuse scattering intensity measured 
at several different reciprocal lattice points at a fixed field 
strength of 2kV/cm oriented along the [001] axis. The 
intensities measured around the (003) position (open cir- 
cles) decrease upon cooling in field in agreement with the 
data of Fig. 2. However the striking behavior revealed in 
this figure is the that the diffuse intensities measured 
around the orthogonal (300) position remain high, much 
like the zero-field data shown in Fig. 2. The vertical 
arrows in this figure indicate the phase transition tem- 
peratures Tm-t and Tt-c between the monoclinic and 
tetragonal, and tetragonal and cubic phases, respectively. 

To clarify this behavior wide scans were made of the 
scattered neutron intensity as a function of the reduced 
momentum transfer q transverse to both the (300) and 
(003) Bragg positions as a function of field and temper- 
ature. The resulting data are plotted on a log-intensity 
scale in Fig. 4. The top two panels display transverse q- 
scans in zero field, and the bottom two panels show the 
same scans taken after cooling the sample in a 2kV/cm 
field. In the cubic phase at 500 K we observe diffuse 
scattering of roughly equal intensity in zero field along 
directions transverse to both Q = (300) and (003). This 
scattering does not change when an external electric 
field of 2kV/cm is applied along the [001] direction. In 
the tetragonal phase at 400 K the diffuse scattering in 
zero field increases slightly, becoming somewhat stronger 
around (003) compared to (300). Then when the sample 
is field cooled, the diffuse scattering transverse to (003) is 
reduced substantially, as is suggested by the data shown 
in Fig. 3. Remarkably, however, the diffuse scattering 
transverse to (300) is unaffected. This latter result in- 
dicates that the application of a 2kV/cm field is insuffi- 
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FIG. 3: Comparison of the diffuse scattering intensities mea- 
sured near (300) (solid symbols) and (003) (open symbols) as 
a function of temperature in a field of 2kV/cm applied along 
[001]. 



cient to produce a uniform polarization in the tetragonal 
phase. The dotted line in the lower left panel of Fig. 4 
indicates the measured instrumental (Gaussian) resolu- 
tion function. Although data are not shown, the same 
behavior was observed at 300 K in the monoclinic phase 
of PZN-8%PT as in the tetragonal phase at 400 K. 

An effort was made to determine the field strength E c 
at which the diffuse scattering transverse to (300) begins 
to decrease. Fig. 5 shows the diffuse scattering intensity 
measured at Q = (3,0,-0.06) at 450 K, still in the tetrago- 
nal phase, from zero to lOkV/cm. All of these data were 
taken as a function of increasing electric field strength 
after first field cooling from 520 K in a field of 2 kV/cm 
except for the zero field data point, which was obtained 
after zero-field cooling. The solid and open circles are 
successive measurements at the same temperature and 
Q. The solid square shows the diffuse scattering inten- 
sity at 450 K at E = 2kV/cm. These data clearly reveal 
the inability of even a strong external electric field to 
diminish the diffuse scattering orthogonal to the field di- 
rection. Hence the underlying mechanism responsible for 
the diffuse scattering in PZN-8%PT must have an en- 
ergy barrier that is sufficiently large in order to stabilize 
it against external fields of at least lOkV/cm. 



IV. DISCUSSION 

The results on PZN-8%PT presented here are signifi- 
cant not because the diffuse scattering measured trans- 
verse to (003) is suppressed by an external electric field, 
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FIG. 4: A log-scale comparison of the diffuse scattering 
intensities measured transverse to the (300) (open circles) 
and (003) (solid circles) reciprocal lattice positions at 400 K 
(tetragonal phase) and 500 K (cubic phase). The top pan- 
els show data in zero field, and the bottom panels show data 
in an electric field of 2kV/cm (bottom panels) applied along 
[001]. The dashed line in the lower left panel represents the 
instrumental transverse (/-resolution. 
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FIG. 5: Plot of the diffuse scattering intensity measured in 
the tetragonal phase at (3,0,-0.06) at 450 K as a function of in- 
creasing field strength applied along the [001] direction. The 
open and solid circles represent independent measurements. 
The solid square corresponds to the diffuse scattering inten- 
sity at 2kV/cm at (0.06,0,3) for comparison. 



but rather because the diffuse scattering measured trans- 
verse to (300) is not. Independent of any model, our data 
provide unambiguous evidence that the field-induced po- 
lar state in this important relaxor material is not macro- 
scopically uniform. This unusual finding must therefore 
be explained by any model that purports to address the 
fundamental properties of these lead-oxide relaxor com- 
pounds. While not unique, we believe that the concept 
of the phase-shifted polar nanoregions provides a natural 
explanation for the observed field and Q-dependence of 
the diffuse scattering in PZN8%PT. This phase shift, or 
uniform displacement, of the PNR occurs with respect 
to the surrounding cubic lattice at the Burns temper- 
ature Td where the PNR condense from the soft TO 
phonon mode (see the top panel in Fig. 6). This soft 
TO mode is in fact coupled to the TA mode as first 
shown by Naberezhnov et al., and later studied by Waki- 
moto et ( i l^H The uniform phase shift is believed to 
result from the fact that the soft TO mode is actually a 
soft- coupled mode that contains a significant transverse 
acoustic component, an idea originally proposed by Ya- 
mada and Takakura^ 

The results of our study can be explained quite sim- 
ply on the basis of the shifted nature of the PNR, as il- 
lustrated by the three-panel schematic diagram shown in 
Fig. 6. In the top panel, the system is in the cubic phase, 
below the Burns temperature. The white squares repre- 
sent the non-polar regions of the lattice (note that these 
are not individual unit cells), while the PNR are shown 
as the red hatched regions (corresponding to something 
of the order of 10 unit cells), which are slightly displaced 
in different directions from the cubic lattice. The ar- 
rows represent the direction and size of the uniform shift, 
which occurs in the direction of the PNR polarization. 
In the tetragonal phase (T < T c ) the lattice develops its 
own polarization as indicated by the red dotted shading, 
while the uniform shift of the PNR remains intact (see 
the upper left panel of Fig. 4). Under the application of 
an external electric field, the shifts antiparallcl to E are 
removed, thereby reducing the local disorder, and in turn 
suppressing the diffuse scattering. (As it is unclear how 
much of the diffuse scattering transverse to the (003) re- 
ciprocal lattice position remains (see the lower left-hand 
panel of Fig. 4), we can only speculate that parallel shifts 
may be unaffected.) But the orthogonal PNR shifts are 
unaffected, and hence the corresponding diffuse scatter- 
ing is also unaffected. Thus a macroscopically ordered 
polar phase is not achieved in this system, even under 
applied electric field strengths up to lOkV/cm. 

Interesting high-q resolution studies in zero field have 
now been performed by Gehring et al. on PMN-10%PT, 
and Xu et al. on PMN-20%PT and PMN-27%PTiSii& 
These studies have examined the low-temperature phase 
in the PMN-xPT system, and document the existence of 
phase X up to PbTi03 concentrations as high as 20%. 
The 27% sample finally exhibits the expected rhombo- 
hedral phase. The stability of this new phase X against 
the formation of a global rhombohedral polar phase at 
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temperatures below T c can also be understood in terms 
of the phase-shifted PNR model. The latter study by Xu 
et al. in particular demonstrates that phase X is both 
undistorted and rhomohedrally polarized. 
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FIG. 6: Top panel: Phase-shifted PNR embedded in a non- 
polar cubic lattice for T > T c . Middle panel: Below T c the 
lattice achieves a polarization of its own, but the phase shift 
remains. Bottom panel: An applied electric field removes 
shifts along E, while preserving those that are orthogonal. 
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